In this study we present a newly detected QTL associated with osteochondrosis in Hanoverian warmblood horses on equine chromosome 18 (ECA18). We developed a highly polymorphic and evenly distributed marker set on ECA18 employing the horse genome assembly EquCab2. The marker set included 11 newly developed microsatellites. Average polymorphism information content was 62.1% at an average spacing of 3 Mb. For genotyping of this marker set comprising a total of 27 highly polymorphic microsatellites, we used the same 14 paternal half-sib families as in the previous whole genome scan. The chromosome-wide linkage analysis revealed a QTL for osteochondrosis in fetlock, hock, or both joints, as well as for osteochondrosis dissecans in hock joints between 74.94 and 82.25 Mb. Within this QTL for equine osteochondrosis, the parathyroid hormone 2 receptor gene could be identified as a positional candidate gene. This report is a further step toward the identification of genes responsible for osteochondrosis in horses.
INTRODUCTION
Osteochondrosis (OC) is an inherited developmental orthopedic disorder in young horses (Grøndahl and Dolvik, 1993; Philipsson et al., 1993; KWPN, 1994; Stock et al., 2005; Wittwer et al., 2006; Ytrehus et al., 2007) . Abnormal chondrocyte differentiation and maturation causes altered enchondral ossification of the joints (Jeffcott and Henson, 1998) . Articulations most commonly affected in horses are fetlock, hock, and stifle joints. Osteochondrotic lesions can be identified as subchondral bone cysts, fissures, cartilage flaps, and osteochondrosis dissecans (OCD; Van Weeren, 2005) .
Whole genome scans in Hanoverian warmblood and South German coldblood horses revealed QTL for OC (Dierks et al., 2007; Wittwer et al., 2007) . The chromosome-wide significant QTL in Hanoverian warmblood horses were located on ECA2, 3, 4, 5, 15, 16, 19, and 21 . For South German coldblood horses, a genome-wide significant QTL was located at 45.9 cM on equine chromosome 18 (ECA18) for fetlock OCD. In addition, at 78.2 cM on ECA18 the microsatellite TKY016 was significantly linked chromosome-wide with hock OC and palmar/plantar osteochondral fragments in the fetlock joints (POF) of South German coldblood horses .
Reasons for further investigation of ECA18 in Hanoverian warmblood horses were that this genomic region on ECA18 showed one of the greatest test statistics among the OC-QTL detected in South German coldblood horses and markers in this region were significant chromosome-wide for several signs of OC. Furthermore, SNP in the XIRP2 gene at 46.8 Mb were significantly associated with fetlock OC, fetlock OCD, and hock OC, suggesting that XIRP2 may be involved in pathogenesis of OC in South German coldblood horses (Wittwer et al., 2009) .
The objective of this study was to increase the marker density on ECA18 to verify whether QTL for OC in Hanoverian warmblood horses could be detected employing a very dense and highly polymorphic marker set.
MATERIALS AND METHODS
All procedures involving animals were approved by the local animal care and use committee according to German welfare legislation and registered under the number 509c-42502-02A138.
Pedigree Structure and Phenotypic Traits
From a large sample of Hanoverian warmblood horses, including 629 radiographed foals, 168 stallions, and more than 600 mares, 14 paternal half-sib families were chosen for genotyping due to their large family size and their large number of affected foals. The average size of paternal half-sib groups was 7.4, ranging from 3 to 20. In total, 211 horses were genotyped, including 104 foals, 99 mares, and 8 stallions (Supplemental Table 1 ; http://jas.fass.org/content/vol87/issue11/). Diagnosis of OC was done following the recording and evaluation scheme developed for warmblood horses (Kroll et al., 2001) . The sagittal ridge of the third metacarpal/metatarsal bone of fetlock joints, the intermediate ridge of the distal tibia, the lateral trochlea of the talus, and the medial malleolus of the tibia were considered as predilection sites for OC. Signs consistent with OC were irregular bone trabeculation with variable radiolucency, irregular bone margin, new bone formation, or osteochondral fragments when these changes were located at the predilection sites of fetlock and hock joints. Horses showing radiographic changes of OC with or without osseous fragments at the predilection sites of the fetlock, hock, or both joints were classified as affected by OC, and those horses exhibiting radiodense bodies as signs for osteochondral fragments at the abovementioned predilection sites were treated as affected by OCD. Horses with pathological changes in fetlock or hock joints other than OC were not employed in our study. Animals without signs of radiographic changes at any of the joints examined (fetlock, hock, and stifle) were considered as free from OC, and only these horses were included as controls.
Identification of Microsatellites
We supplemented the previously employed marker set for ECA18 with a total of 20 informative and evenly spaced microsatellites. From previously published equine linkage maps, 9 microsatellites could be selected for improvement of the marker set for ECA18. To achieve a uniform coverage of ECA18, 11 microsatellites had to be newly developed (Supplemental Table  2 ; http://jas.fass.org/content/vol87/issue11/). For that purpose, permutation sequences were built with variations of di-, tri-, and tetra-repeat motifs with a minimum length of 15 repeats and a maximum length of 30 repeats. These sequences were aligned with the horse genome assembly EquCab2 (http://www.broad.mit. edu/ftp/pub/assemblies/mammals/horse/Equus2/) using the SSAHA2 package (Sequence Search and Alignment by Hashing Algorithm combined with the crossmatch sequence alignment program developed by Phil Green at the University of Washington, version 1.0.1, The Wellcome Trust Sanger Institute, Cambridge, UK). Alignment results that obtained a maximum score per length (100% identity) were selected for primer design. For this purpose, flanking sequences of these simple sequence repeats were extracted and investigated for their suitability for primer design. Equine PCR primers were designed using the Primer3 program (http:// frodo.wi.mit.edu/primer3) after masking repetitive elements using RepeatMasker (http://www.repeatmasker. org/). To verify the marker positions on ECA18 on the horse genome assembly (EquCab2), the Basic Local Alignment Search Tool (BLASTall version 2.2.17) of National Center for Biotechnology Information was used.
Genotyping of Microsatellites
For genotyping of microsatellites, 1.35 µg of genomic DNA was isolated from 75 µL of EDTA blood using the QIAamp 96 Spin Blood Kit (Qiagen, Hilden, Germany). The PCR reactions for genotyping of microsatellite markers were performed in 12-µL reaction volumes using 10 ng of DNA, 1.2 µL of 10× incubation buffer containing 15 mM MgCl 2 , 0.5 µL of dimethyl sulfoxide, 0.15 µL of each deoxynucleotide triphosphate (100 µM each), and 0.5 U of Taq polymerase (Qbiogene, Heidelberg, Germany). The primer amount ranged from 3.0 to 10.0 pmol. All forward primers were fluorescently labeled at the 5′ end with IRD700 or IRD800 (MWG Biotech, Ebersberg, Germany). To increase efficiency, all primers were pooled in PCR multiplex groups of 2 to 6 markers according to their allele size and the fluorescence labeling. The PCR amplification was carried out in PTC 100 or PTC 200 thermocyclers (MJ Research, Watertown, MA) using the following standard program with variable annealing temperature between 55 and 60°C: 94°C for 4 min, followed by 36 cycles at 94°C for 30 s, optimum annealing temperature for 1 min, 72°C for 30 s, and finally storing at 4°C for 10 min. The PCR products were size-fractionated by gel electrophoresis on 6% polyacrylamide denaturing gels (Rotiphorese Gel40, Carl Roth, Karlsruhe, Germany) using an automated sequencer (LI-COR 4200/S-2 and 4300, Lincoln, NE). Before loading, PCR products were diluted with formamide loading buffer in ratios of 1:10 according to empirical values. Allele sizes were detected using an IRD700-and IRD800-fluorescence-labeled DNA ladder, and the genotyping data were analyzed by visual examination. Mendelian inheritance and correctness of marker transmission in the pedigrees genotyped was confirmed using the Pedstats software (Wigginton and Abecasis, 2005) .
Data Analysis
Multipoint nonparametric linkage analysis was performed using the Merlin software (multipoint engine for rapid likelihood inference, version 1.1.2; Abecasis et al., 2002) . The Zmean (a score statistic that tests the similarity of patterns of marker alleles shared identity-bydescent among affected pedigree members according to their genealogical relationship) and LOD (logarithm of odds to the base 10 indicating the likelihood for genetic linkage between the identical-by-descent marker alleles and the phenotypic test) score test statistics were used to test for the proportion of alleles shared by affected individuals identical-by-descent for the marker loci considered (Whittemore and Halpern, 1994; Kruglyak et al., 1996; Kong and Cox, 1997) . Error probabilities for chromosome-wide significant linkage were determined using a chromosome-wide permutation approach as described by Dierks et al. (2007) . Linkage analyses were performed for the different phenotypic traits: (1) OC (fetlock, hock, or both joints affected), (2) OCD (fetlock, hock, or both joints affected), (3) fetlock OC, (4) fetlock OCD, (5) hock OC, and (6) hock OCD.
In addition, the genotypic data were evaluated using the ALLELE and CASECONTROL procedures (SAS Institute, Cary, NC) to determine the observed heterozygosity, the polymorphism information content, and Hardy-Weinberg equilibrium, and to evaluate genotypic and allelic associations, and the trend of the alleles with the phenotypic OC traits using χ 2 -tests.
RESULTS AND DISCUSSION
The increase of the marker density from 7 microsatellites in the previous whole genome scan to a total of 27 equally and highly informative markers in Hanoverian warmblood horses made it possible to discover a QTL for OC in fetlock, hock, or both joints on ECA18. However, the position of this QTL did not coincide with the locations of the QTL in South German coldblood horses for fetlock OCD at 45.9 to 54.0 cM (corresponds to 37.31 to 51.61 Mb on EquCab2), but mapped nearby the QTL for hock OC and POF at 78.2 cM (corresponds to 66.84 Mb on EquCab2). The average polymorphism information content of the microsatellites used in this study was 62.1% with a minimum of 39.6% and a maximum of 79.9%, whereas the mean heterozygosity was 68.3%, ranging between 44.6 and 88.3%. The nonparametric multipoint linkage analysis showed chromosomewide significant Zmeans and LOD scores in the region between 74.94 and 82.25 Mb for fetlock or hock OC, or both (Figure 1) . The greatest Zmeans and LOD scores for OC in fetlock, hock, or both joints were 2.43 and 0.83 at 75.25 Mb with chromosome-wide significant error probabilities of 0.008 and 0.03 (Table 1 ). The maximum (minimum) achievable Zmeans and LOD scores were 42.43 (−2.28) and 10.17 (−0.03) for this trait and, thus, high enough to achieve genome-wide significant test statistics for linkage. A further chromosome-wide significant linkage was found for OCD in hock joints with the greatest Zmean and LOD score at 1.66 (P = 0.05) and 0.76 (P = 0.03) for the marker UCD387 (Table 1) . The Zmeans and LOD scores for OC in hock joints were at the significance threshold for the markers in the region at 74.94 to 82.25 Mb. The Zmean and LOD score were greatest for HLM003 with values of 1.68 (Zmean, P = 0.05) and 0.51 (LOD score, P = 0.06). In the region between 74.94 and 82.25 Mb, Zmeans and LOD scores for OCD in fetlock, hock, or both joints were at 0.88 to 1.06 and 0.19 to 0.29 with chromosome-wide error probabilities of 0.12 to 0.2. Corresponding test statistics for OC in fetlock joints were at 0.68 to 1.04 (Zmeans) and 0.07 to 0.17 (LOD scores) with chromosome-wide error probabilities of 0.15 to 0.3. For OCD in fetlock joints, Zmeans and LOD scores reached values of 0.55 and 0.04 with chromosome-wide Figure 1 . The Zmeans (a score statistic that tests the similarity of patterns of marker alleles shared identity-by-descent among affected pedigree members according to their genealogical relationship) and LOD (logarithm of odds to the base 10 indicating the likelihood for genetic linkage between the identical-by-descent marker alleles and the phenotypic test) scores for 27 microsatellite markers on equine chromosome 18 (ECA18) harboring a quantitative trait locus for equine osteochondrosis in fetlock, hock, or both joints. Mb = megabases.
error probabilities of 0.3. Association tests using the CASECONTROL procedure of SAS/Genetics did not reveal any significant genotypic or allelic association or both with OC in fetlock, hock, or both joints in the QTL region on ECA18.
This study presents an important step toward the identification of genes responsible for equine OC and shows that a chromosome-wide linkage signal for the microsatellites HLM003, UCD387, ABGe158, and ABGe159 could be detected through a much more evenly and densely distributed marker set. In the previous whole genome scan, the genomic region between 38.5 Mb and the distal end of ECA18 was covered by only 2 microsatellites, which was the reason we did not detect this QTL in our previous study in Hanoverian horses (Dierks et al., 2007) . The QTL at 45.9 to 54 cM in South German coldblood horses was not seen because there was not an OC-associated QTL segregating in many Hanoverian warmblood families. Only one family of the present study segregated for the QTL at that position as in South German coldblood horses, but this linkage disequilibrium in one family was not large enough for an overall chromosome-wide significant linkage in the whole data set. Thus, we cannot completely preclude that in addition to the QTL at 74.94 to 82.25 Mb, a further QTL at 37.31 to 51.61 Mb is segregating in Hanoverian warmblood horses.
To develop a marker test for OC in Hanoverian warmblood horses, it is necessary to detect associated SNP in the QTL region. Thus, screening of this QTL region for potential candidate genes is a first step to prioritize a set of SNP for association tests. The Equine Articular Cartilage cDNA Library is a useful tool to select candidate genes that are at least expressed in cartilage. At the moment, a total of 13,964 equine articular expressed sequence tag can be found at the National Center for Biotechnology Information nucleotide database (http://www.ncbi.nlm.nih.gov/sites/entrez), from which expressed sequence tags located in 17 genes are in the QTL region between 74.94 and 82.25 Mb on ECA18. At 82.28 Mb, there is a gene that encodes the parathyroid hormone 2 receptor (PTH2R). Meulenbelt et al. (2006) performed linkage analysis in humans using families with early-onset osteoarthritis and found significant linkage to a region that includes the PTH2R gene. This receptor is more selective in ligand recognition and has a more specific tissue distribution compared with parathyroid hormone receptor 1 (PTHR1). It is activated only by parathyroid hormone and not by parathyroid hormone-like hormone. The function of PTH2R is not yet well characterized, but because parathyroid hormone is a key regulator of calcium metabolism, this gene seems to be a functional candidate gene for OC. Zmean = a score statistic that tests the similarity of patterns of marker alleles shared identity-by-descent among affected pedigree members according to their genealogical relationship; LOD = logarithm of odds to the base 10 indicating the likelihood for genetic linkage between the identical-by-descent marker alleles and the phenotypic test.
